For the first time, the cloud radiative effect (CRE) has been characterized for the Arctic site Ny-Ålesund, Svalbard, Norway, including more than 2 years of data (June 2016-September 2018). The cloud radiative effect, that is, the difference between the all-sky and equivalent clear-sky net radiative fluxes, has been derived based on a combination of ground-based remote sensing observations of cloud properties and the application of broadband radiative transfer simulations. The simulated fluxes have been evaluated in terms of a radiative closure study. Good agreement with observed surface net shortwave (SW) and longwave (LW) fluxes has been found, with small biases for clear-sky (SW: 3.8 W m 22 ; LW: 24.9 W m 22 ) and all-sky (SW: 25.4 W m 22 ; LW: 20.2 W m 22 ) situations. For monthly averages, uncertainties in the CRE are estimated to be small (;2 W m 22 ). At Ny-Ålesund, the monthly net surface CRE is positive from September to April/May and negative in summer. The annual surface warming effect by clouds is 11.1 W m 22 . The longwave surface CRE of liquid-containing cloud is mainly driven by liquid water path (LWP) with an asymptote value of 75 W m 22 for large LWP values. The shortwave surface CRE can largely be explained by LWP, solar zenith angle, and surface albedo. Liquid-containing clouds (LWP . 5 g m 22 ) clearly contribute most to the shortwave surface CRE (70%-98%) and, from late spring to autumn, also to the longwave surface CRE (up to 95%). Only in winter are ice clouds (IWP . 0 g m 22 ; LWP , 5 g m 22 ) equally important or even dominating the signal in the longwave surface CRE.
Introduction
In the last decade, the Arctic has experienced significant changes (Stroeve et al. 2012; Jeffries et al. 2013) and exhibited an increase in near-surface air temperature that is more than twice as large as the observed increase in global mean temperature (Serreze and Barry 2011; Wendisch et al. 2017 ). This so-called Arctic amplification is due to many feedback processes, the mechanisms and relative contributions of which are still under debate and the focus of current research (e.g., Wendisch et al. 2017; Screen et al. 2018; Goosse et al. 2018 ). On a local scale, clouds strongly influence Arctic climate feedbacks (Kay et al. 2016) . Their interaction with longwave and shortwave radiation can be quite complex due to the special boundary and atmospheric characteristics in the Arctic, for example, a high surface albedo, large solar zenith angles, low temperatures, frequently occurring temperature inversions, and a dry atmosphere (Curry et al. 1996) . The impact of clouds on atmospheric radiative fluxes and heating rates strongly depends on the cloud macrophysical (e.g., frequency of occurrence and cloud vertical distribution) and microphysical (e.g., phase, water content, and hydrometeor size distribution) properties. To better understand the processes of cloudradiation interactions in the Arctic, cloud, thermodynamic, and boundary conditions need to be well known.
Satellite observations can provide a broad picture of clouds and radiative fluxes and also describe their spatial variability within the whole Arctic region (Cesana et al. 2012 ; Kay and L'Ecuyer 2013; Sedlar and Tjernström 2017) . Kay and L'Ecuyer (2013) , for example, analyzed cloud observations from active and passive satellite Denotes content that is immediately available upon publication as open access. instrumentation together with observed and calculated radiative fluxes. They found that, on average, clouds over the Arctic ocean warm the surface by 10 W m 22 and cool the top of the atmosphere by 212 W m 22 . For a more detailed view on clouds, ground-based remote sensing observations taken during field campaigns or performed continuously at fixed sites provide complementary information. Shupe et al. (2004) , for example, analyzed a year of data from the Surface Heat Budget of the Arctic Ocean (SHEBA) ship campaign, which took place in the Beaufort and Chukchi Seas from October 1997 to October 1998. They used a combination of active and passive ground-based remote sensing observationsfor example, cloud radar, lidar, and microwave radiometer and surface radiation measurements-to characterize clouds and their radiative impact on the surface. Shupe et al. (2004) found an annual mean longwave warming by liquid-or ice-containing clouds of 52 or 16 W m 22 , respectively, and a shortwave cooling effect by 221 or 23 W m 22 , respectively. Sedlar et al. (2011) presented results from the Arctic Summer Cloud Ocean Study (ASCOS), which took place near 87.58N from August to early September 2008, and found a net warming effect of clouds for this time and location. Recently, comprehensive cloud and radiation observations were performed during the ship-and airborne-based Physical Feedbacks of Arctic Boundary Layer, Sea Ice, Cloud and Aerosol (PASCAL) and Arctic Cloud Observations Using Airborne Measurements during Polar Day (ACLOUD) campaigns (Wendisch et al. 2019) , which took place in May/June 2017 in the vicinity of Svalbard, Norway.
Although such campaigns provide a wealth of information from various instrumentation for the inner Arctic, they are always limited to a certain time period. In addition to ground-based campaign observations, long-term single-point time series from ground-based ''supersites'' are needed so that 1) clouds and their radiative impact can be characterized temporally and vertically highly resolved and 2) robust statistics can be provided since clouds are observed under all atmospheric conditions in all seasons. One of the longest time series in this respect are the observations performed within the Atmospheric Radiation Measurement Program in Barrow, Alaska (now known as Utqia _ gvik; Verlinde et al. 2016) . Further supersites are located in Eureka, Canada (de Boer et al. 2009 ), and Summit, Greenland (Shupe et al. 2013 ). Dong et al. (2010) analyzed 10 years of cloud observations and the radiative impact of clouds on the surface at Barrow. By comparing observed surface radiative fluxes with clear-sky flux estimates from an empirical curve-fitting technique (Long and Ackerman 2000; Long and Turner 2008) , they found an annual averaged net surface cloud radiative effect of 3.5 W m 22 . Cox et al. (2016) extended the analysis using 22 yr of cloud radiative forcing data at Barrow and also set the cloud radiative forcing in spring in context to autumn sea ice extent. They found a significant negative correlation between net cloud radiative forcing in April-May and sea ice extent in September. From infrared spectrometer measurements and clear-sky radiative transfer simulations, Cox et al. (2012) compared the downward longwave cloud radiative forcing at Eureka with the one at Barrow. They found that the yearly mean longwave cloud radiative forcing at Eureka (27 W m 22 ) is only one-half of that at Barrow (48 W m 22 ). The lower longwave surface cloud forcing at Eureka is partly due to the lower cloud fraction and the higher altitudes of clouds at this site (Cox et al. 2012) . Miller et al. (2015) performed a study on the radiative effects of clouds at Summit using almost 3 years of cloud and radiation observations. Clear-sky fluxes were calculated with a broadband radiative transfer model and then compared to observed all-sky fluxes. In this way, Miller et al. (2015) found a pronounced net cloud warming of 33 W m 22 of the central Greenland surface that is due to the high surface albedo all year round.
The atmospheric observatory of the Arctic French-German research station named from the Alfred Wegener Institute for Polar and Marine Research and French Polar Institute Paul Emile Victor (AWIPEV) at Ny-Ålesund, Svalbard, Norway, has recently also been equipped with a cloud radar (Nomokonova et al. 2019) . Ny-Ålesund (78.9258N, 11.9308E) is situated at the southern coast of the Kongsfjord. The area around Ny-Ålesund represents a typical tundra system surrounded by glaciers, mountains, moraines, and rivers. A detailed map of the complex topography can be found in Maturilli et al. (2013) . Ny-Ålesund is located in the warmest part of the Arctic and exhibits strong signals of climate change (Maturilli et al. 2015) .
AWIPEV operates a comprehensive and state-ofthe-art instrument suite, in particular, for thermodynamic, aerosol, trace gas, and surface radiation observations where some of the observations started more than 30 years ago. Cloud observations based on ceilometer measurements (i.e., basically cloud base height) are available for more than 20 years (Maturilli and Ebell 2018) . Combining the highly vertically and temporally resolved cloud radar observations with the collocated remote sensing instrumentation at AWIPEV allows for a much more comprehensive characterization of the cloud macro-and microphysical properties than before. Currently, more than 2 years of cloud radar data, that is, from 10 June 2016 to 5 October 2018, are available, and further multiyear, continuous cloud radar observations are planned. Thus, the Ny-Ålesund observations add valuable information to the existing Arctic ground-based cloud climatologies.
In this paper, we focus on the analysis of the impact of clouds on the surface radiative fluxes at Ny-Ålesund. Since only a few days with cloud radar observations are available for October 2018, we have only analyzed the time period June 2016 to September 2018 in this study. More details on the instrumentation and on some of the cloud retrieval algorithms are provided in the paper by Nomokonova et al. (2019) , who also showed some first statistics of cloud properties at Ny-Ålesund based on the first year of cloud radar observations. In this study, we extend the analysis to the whole time period of the cloud radar operation and put the focus on the cloud radiative effect (CRE)-in other studies also called cloud radiative forcing (Dong et al. 2010; Miller et al. 2015 )-which is defined as the difference between the all-sky net radiative flux and the net flux of the equivalent clear-sky scene.
In the next section, we briefly describe the instrumentation, cloud retrieval algorithms, and setup of the broadband radiative transfer simulations that are used to assess the CRE. Before analyzing the results in more detail, we first provide an evaluation of our simulated surface fluxes to gain confidence in the radiative transfer simulations. The cloud radiative effect at Ny-Ålesund is then analyzed for the surface, the top of atmosphere, and the atmosphere. The latter is calculated as the difference between the values at the top of the atmosphere and the surface. Particular focus is put on the surface CRE and its dependency on surface albedo, solar zenith angle, and the amount of liquid and ice water. Also, the individual contributions of liquid-and ice-containing clouds to surface CRE are assessed.
Method
In this section, we will give a short summary of the various instruments used, the cloud macro-and microphysical retrieval algorithms applied, and the setup of the broadband radiative transfer calculations.
a. Instruments
To observe vertically resolved cloud properties from ground-based instrumentation, a combination of different instruments is beneficial. Here, we exploit information from a cloud radar, a microwave radiometer (MWR), and a ceilometer. Details on these instruments and data processing are already given in Nomokonova et al. (2019) . We will thus give a brief summary and add information on the additional datasets used.
The cloud radar operated at Ny-Ålesund is a frequencymodulated continuous-wave 94-GHz Doppler radar from the University of Cologne (Küchler et al. 2017 ).
The data of two different instruments, the Jülich Observatory for Cloud Evolution (JOYCE) Radar-94 GHz (JOYRAD-94) and Microwave Radar/Radiometer for Arctic Clouds-A (MiRAC-A), are used in the study. Both instruments are similar in design except that the antenna of MiRAC-A is smaller than of JOYRAD-94 to accommodate MiRAC-A being deployed on an aircraft. JOYRAD-94 was operated from 16 June 2016 to 27 July 2017, and MiRAC was measuring from 28 July 2017 to 8 October 2018. Profiles of cloud radar reflectivity factor Z and Doppler velocity are used for the retrieval of cloud macro-and microphysical properties.
While cloud radars are sensitive to the vertical profile of hydrometeors, these radars are less sensitive to small liquid droplets. Thus, ceilometers, which are much more sensitive to these small drops, provide very complementary observations of the cloud-base height and the location of these drops (until the laser is extinguished). Here we use attenuated backscatter profiles from the Vaisala ceilometer CL51 of the Alfred Wegener Institute (AWI), which has been operating at the AWIPEV atmospheric observatory since 2011 (Maturilli and Ebell 2018) .
Information on liquid water path (LWP) and integrated water vapor (IWV) is retrieved from the multifrequency microwave radiometer Humidity and Temperature Profiler (HATPRO) of AWI. Detailed information about the processing of the MWR data is given by Nomokonova et al. (2019) . The MWR retrievals for LWP and IWV are based on multivariate linear regression algorithms. Typical uncertainties for LWP are around 20-25 g m 22 .
For IWV, uncertainties are smaller than 1 kg m 22 . A comparison with Ny-Ålesund radiosondes revealed IWV differences of 0.85 kg m 22 . The LWP is used to correct the cloud radar reflectivity for liquid attenuation effects and to estimate the liquid water content and effective radius profiles as described in the next section. When available, IWV data are used to scale the humidity profile used in the broadband radiative transfer calculations.
The instrumentation of the Baseline Surface Radiation Network (BSRN) provides not only surface radiation observations with high accuracy and temporal resolution of 1 min but also basic surface meteorological data (Maturilli et al. 2015 (Maturilli et al. , 2013 . The surface radiation observations encompass direct solar radiation by a pyrheliometer mounted on a solar tracker (Eppley NIP); diffuse, global, and reflected shortwave radiation by pyranometers (Kipp and Zonen CMP22); and up-and downward longwave radiation by pyrgeometers (Eppley PIR). All data are quality controlled. Pyrgeometer measurements of longwave downward radiation are expected to have an uncertainty not greater than 610 W m 22 , and measurements of global radiation are expected to have a maximum uncertainty of 620 W m 22 (Lanconelli et al. 2011 ).
The BSRN 10-m air temperature is directly used as input to the radiative transfer calculations. The shortwave flux components were used to estimate the direct and diffuse surface albedo (see section on the radiative transfer calculations). Measurements of surface solar and terrestrial radiation are used to evaluate the radiative transfer results.
b. Retrieval of cloud macro-and microphysical properties
As already presented by Nomokonova et al. (2019) , the Cloudnet retrieval algorithm suite (Illingworth et al. 2007 ) is applied to the measurements at the AWIPEV atmospheric observatory. First, the Cloudnet target categorization product is generated, which provides vertically resolved information on the presence of cloud liquid droplets, ice, melting ice, and drizzle/rain in each radar height bin. To this end, profiles of cloud radar reflectivity, Doppler velocity, and ceilometer attenuated backscatter are jointly analyzed with numerical weather prediction data. The resulting categorization profiles have temporal and vertical resolutions of 30 s and 20 m, respectively, and provide information up to a height of about 12 km. On the basis of this target classification, we subsequently apply corresponding retrieval algorithms for liquid water content (LWC), for ice water content (IWC), and for the effective radii r e,liq and r e,ice of cloud liquid and ice, respectively.
Depending on the cloud situation, different microphysical retrieval algorithms are applied. These are summarized in Table 1 . If ice particles occur, ice water content is calculated from radar reflectivity Z and temperature T (Hogan et al. 2006) , which is also a standard algorithm of Cloudnet. Theoretical uncertainties of the IWC retrieval were estimated to range between 233% and 150% for temperatures above 2208C (Hogan et al. 2006) . The effective radius of ice particles is calculated following Delanoë and Hogan (2010) where IWC and the visible extinction coefficient are input variables. The latter one is also calculated as a function of Z and T (Hogan et al. 2006) . Relative uncertainties for the effective radius of ice are reported to be about 30% (Delanoë and Hogan 2010) . If both ice and liquid are present in a radar bin, it is assumed that ice dominates the signal in Z (Shupe et al. 2004 ) and the same retrieval algorithms for pure ice clouds are applied.
LWC and r e,liq are retrieved for all radar bins in which cloud droplets occur. For single-layer water clouds, LWC can be calculated using the relation by Frisch et al. (1998) .
Here, the LWP of the MWR is distributed vertically following the shape of the radar reflectivity profile. This method also works for cases when ice clouds are located above the single-layer liquid cloud. The liquid effective radius r e,liq in these cases is derived from Frisch et al. (2002) , which also uses LWP and Z as input. Note that Frisch et al. (2002) assume a lognormal droplet size distribution with a fixed spectral width that is here set to 0.3. They found an uncertainty of about 20% for the liquid effective radius.
In the case of mixed-phase clouds, in particular, when both liquid and ice occur in the same radar bin, we do not know the radar reflectivity associated with cloud liquid droplets only, and the Frisch et al. (1998) technique is not applicable. Thus, an adiabatic LWC profile is calculated in these cases and scaled in such a way that the integrated liquid water content is equal to the observed LWP from the MWR. A similar approach was taken by . This scaled adiabatic method is also applied for multilayer liquid clouds. The effective radius in these cases is assumed to be 5 mm, which represents the median value of liquid effective radius of all observed cases at Ny-Ålesund where the algorithm by Frisch et al. (2002) is applicable. Note that no microphysical properties are retrieved for rain or drizzle particles. Also, if rain or drizzle occurs in a liquid cloud, the methods by Frisch et al. (1998) and Frisch et al. (2002) cannot be applied. In these cases, Z is dominated by the few large rain droplets and is not proportional to the LWC anymore. Thus, a scaled adiabatic LWC profile and the climatological value for r e,liq are assumed. This dataset of retrieved cloud microphysical properties has been recently published by Nomokonova and Ebell (2019) .
c. Broadband radiative transfer calculations
To characterize the radiative effects of clouds at Ny-Ålesund, the retrieved cloud microphysical properties serve as an input to broadband radiative transfer Mlawer et al. 1997; Barker et al. 2003; Clough et al. 2005) . RRTMG accurately derives shortwave (SW) and longwave (LW) atmospheric fluxes and heating rates. In particular, comparisons between the RRTMG and line-by-line calculations revealed differences in fluxes of less than 1 W m 22 and differences in heating rates of less than 0.1 K day 21 in the troposphere and 0.3 K day 21 in the stratosphere (Iacono et al. 2008 ). RRTMG requires further input, for example, thermodynamic profiles, aerosol information, surface albedo, and surface temperature. Since radiosonde profiles are typically launched at Ny-Ålesund only one time per day, profiles of atmospheric temperature, humidity and pressure are taken from the National Weather Service's National Centers for Environmental Prediction Global Data Assimilation System (GDAS1) dataset (Kanamitsu 1989 ; see also https://www.ready.noaa.gov/gdas1.php). The model data have a temporal resolution of 3 h. Model profiles are extended up to 30 km with mean monthly climatological profiles based on radiosonde observations from Ny-Ålesund Kayser 2016, 2017) . The thermodynamic profiles are then linearly interpolated to the 30-s grid of the microphysical properties. The temperature profile is further modified by setting the measured 10-m temperature to the lowest full model level, which is around 10-m height. The surface temperature is estimated from the LW upward (F [ LW obs ) and LW downward (F Y LW obs ) BSRN radiation observations:
To calculate the surface temperature, a surface emissivity has to be assumed. Rees (1993) analyzed infrared emissivities of Arctic land-cover types based on observations from Svalbard. The surface material that Rees (1993) has analyzed and that most likely corresponds to the surface type at Ny-Ålesund is moss with an emissivity of 0.963. We use this value in case of a snow-free surface. In case of high solar surface albedo (snow-covered surface), the surface emissivity is set to 0.996. Highly temporally resolved IWV information from the MWR is used to scale the humidity profile. In this way, temporal variations in water vapor and surface and near-surface temperature on the subminute scale are taken into account. In RRTMG, the SW surface albedo is separated into an albedo for the direct SW radiation and for the diffuse SW radiation. The SW CRE is thus not only driven by the cloud properties but also by the different surface albedo conditions under clear and cloudy sky, respectively. The direct and the diffuse albedo are calculated from the measured upward and downward shortwave fluxes at the surface following the approach of Yang et al. (2008) . First, a daily mean diffuse albedo a day dif is computed from those measurements for which the downward SW flux is dominated by the diffuse flux. To this end, we selected cases where the fraction of the downward diffuse SW flux to the total downward SW flux is larger than 0.98. On a few days with persistent clear-sky conditions, this condition is not fulfilled and daily mean values for the diffuse albedo are estimated by linear interpolation. The calculation of a daily mean value is reasonable since the diffuse SW albedo does not depend on solar zenith angle (SZA). In addition to variations in the surface characteristics, for example, in vegetation or snow cover and age, variations in the daily diffuse albedo may be also a result of the applied sampling method. For certain samples, the downward diffuse fluxes still contain up to 2% of the direct-beam fluxes inducing uncertainties in the derived diffuse albedo. In a second step, values for the direct albedo a dir are calculated from the measured SW flux components and the corresponding daily mean diffuse albedo a day dif by a dir 5 F
and F [ SW are the measured downward diffuse, downward direct, and upward SW surface fluxes.
To describe the dependence of the direct albedo on the cosine of the SZA u, a polynomial function of the form a dir 5 (1 1 c1)/[1 1 c2 cos(u)] has been fitted to the calculated direct albedo values. The fit has been performed separately for each month and for each diffuse albedo class in that month. Figure 1 exemplarily shows the computed direct albedo values for all cases in May 2017 where 0:8 , a day dif , 0:9 ( Fig. 1, left ) and for all cases in June 2017 where a day dif , 0:3 ( Fig. 1, right) . The direct albedo can thus be calculated from the daily mean diffuse albedo, the corresponding polynomial fit for the corresponding month and the cosine of the SZA. The RMSE of the polynomial fit is typically smaller than 0.05. Only for the transition periods between snowcovered and snow-free surfaces (0:3 , a day dif , 0:7), uncertainties are larger. A difficulty here is that only a few cases are available to calculate the fit-for example, for the class 0:3 , a day dif , 0:5 only 7 days in total are available. Instead of a monthly fit, a fit that is based on all cases with 0:3 , a day dif , 0:5 is thus used instead (not shown). Even though these cases exhibit a high uncertainty in the direct albedo (RMSE of 0.11), they are also rare and thus do not have a strong impact on the estimation of the CRE. In fact, 96% of the days exhibit a daily mean diffuse albedo smaller than 0.3 or larger than 0.7. Note that the albedo measurements are representative for the tundra surface type around Ny-Ålesund but not for the larger domain including mountains, fjord, moraines, and rivers. The radiative transfer model requires also information on aerosol optical thickness, single-scattering albedo and asymmetry parameter. For the latter two, values for JANUARY 2020 E B E L L E T A L . maritime clean aerosol are applied that were computed from the Optical Properties of Aerosols and Clouds (OPAC) database (Hess et al. 1998) . With a single-scattering albedo of .0.98, this type of aerosol seems to best represent the conditions at Ny-Ålesund.
Since daily values of aerosol optical depth are not available, we use a climatological mean value based on 12-year-long observations of the Aerosol Robotic Network (AERONET; Holben et al. 1998) at Hornsund. The aerosol optical thickness is then vertically distributed following a typical aerosol profile at Ny-Ålesund as observed from Raman lidar measurements. Information on further trace gases other than water vapor are included via standard atmospheric profiles of the subarctic summer and winter reference atmospheres (Anderson et al. 1986 ). Carbon dioxide is assumed to have a constant concentration of 400 ppm.
Since the radiative transfer calculations are performed twice, with clouds when present and without clouds, the impact of clouds on the atmospheric longwave and shortwave fluxes can be directly calculated as the difference between all-sky and clear-sky fluxes. In the following, we define the CRE as the difference of the all-sky and clear-sky net radiative fluxes, that is, downward minus upward component (Mace et al. 2006; Rossow and Zhang 1995) . The CRE can be calculated for the SW, for the LW, and as a net effect that is the sum of the SW and LW parts. The CRE is calculated for the surface (SFC) and the top of the atmosphere (TOA) using the radiation fluxes of the lowest and the highest model layer, respectively. The atmospheric (ATM) CRE is then given as the difference between TOA CRE and SFC CRE. Note that the CRE is calculated solely from the modeled radiative fluxes. The observed BSRN LW and SW surface fluxes are only used for the evaluation of the modeled fluxes.
Evaluation of simulated surface radiative fluxes and uncertainties in retrieved surface CRE
Except for June 2016, in all of the months, the data coverage of the Cloudnet target categorization product is greater than 80%, and in more than four-fifths of the time it is even greater than 90% (not shown). In June 2016, the Cloudnet data coverage is only 65% since the cloud radar measurements started in mid-June. For the radiative transfer calculations additional measurements are required. In particular, the availability of MWR LWP observations pose a constraint here that further reduces the number of available profiles. To calculate the monthly CRE, we first calculate 10-min time averages from the radiative transfer calculations based on the 30-s single profiles. The 10-min intervals are subsequently used to calculate hourly averages. From the hourly averages, daily mean values are calculated if at least 80% of the data are available. The daily mean values are averaged to produce the monthly mean values.
To assess how representative this dataset of the available 30-s profiles for the whole time period is, we calculated monthly mean values of SW and LW downward radiation from the BSRN data using the same sampling strategy. We did the analysis twice, once with all available BSRN data for the time period June 2016 to September 2018 and once eliminating all BSRN data points where no concurrent radiative transfer simulation is available (Fig. 2) . In general, the subsample nicely reproduces the monthly mean SW and LW values. However, in particular in the summer months, and for SW radiation particularly in July, larger differences of up to 40 and 50 W m 22 in the LW and SW mean values, respectively, can be observed. In these cases, LW downward surface radiation is underestimated and SW downward surface radiation is overestimated implying that cloudy or optically thick cloud cases are missed in our data sample. These results also have implications for our CRE estimates. Since we underrepresent cloudy situations in our data sample, the CRE is likely underestimated in these months.
The simulated surface downward radiative fluxes have been subsequently compared with observed ones (Fig. 3) . To better compare the 1D radiative transfer calculations to the hemispheric radiation observations, the fluxes have been averaged over 10 min. When taking into account both cloudy and clear-sky profiles in the 10-min averages (Fig. 3a) , we find only a small bias in the SW and LW downward fluxes of 23.1 and 20.2 W m 22 , respectively. The interquartile range (IQR) of the differences is 43.5 W m 22 for the SW and 12.2 W m 22 for the LW flux. A similar magnitude of differences between simulated and observed surface downward fluxes has been found by , who also used cloud properties retrieved from ground-based remote sensing observations at Barrow in a radiative transfer model.
Performing the analysis for clear-sky scenes only (Fig. 3b ) reveals a small bias (25.0 W m 22 ) and IQR (6.2 W m 22 ) in the LW. In the SW, bias and IQR are larger. In particular, positive differences larger than 50 W m 22 hint at situations in which clouds are in the field of view of the hemispheric broadband radiation measurements but not directly above the cloud radar and ceilometer. Also, shading effects by mountains that are not taken into account in the radiative transfer calculations might lead to an overestimation of the simulated SW surface flux. Still, this is a very good closure and the results are similar to the ones presented by . With a distribution mode near 0 W m 22 , the SW differences are even slightly smaller in our study. To give confidence in the method for representing surface albedo in the radiative transfer calculations, we also compared SW upward fluxes (not shown). Bias and IQR are here 8.8 and 19.5 W m 22 , respectively, in clear-sky conditions and 2.4 and 13.8 W m 22 , respectively, in all-sky conditions. The differences in the SW upward and downward fluxes are thus similar in size.
In cloudy cases, differences in LW downward fluxes are small (Fig. 3f ). Bias and IQR are only 1.6 and 10.6 W m 22 , respectively. With a bias and IQR of 29.5 and 54.1 W m 22 , differences are larger in the SW (Fig. 3e ). These differences are a combined result of 3D effects that are not taken into account by the 1D radiative transfer simulations, a misclassification of the scene (cloudy/cloud-free, cloud type), uncertainties in the assumed direct and diffuse albedo and uncertainties in the cloud microphysical properties themselves. found smaller differences in the SW surface downward flux under cloudy conditions, which might be related to a better estimate of the liquid amount in the atmospheric column. In addition to MWR observations, they also include passive infrared radiances, which can reduce the uncertainty in the LWP retrieval when LWP is low (Turner 2007) .
To assess the uncertainty in the retrieved surface CRE, we follow the approach by Mace et al. (2006) . The variance of the surface CRE s 2 CREx can be expressed as uncertainties in the surface CRE are thus 64.3 W m 22 for the SW, 19.8 W m 22 for the LW, and 67.3 W m 22 for the net CRE (first column in Table 2 ).
Going from 10-min CRE values to larger averaging times will decrease the uncertainty in the mean value of the CRE, that is, CRE x . The variance of CRE x is then given as s 2 CREx 5 s 2 CREx /N, with N being the number of realizations composing CRE x . Note that we assume that these realizations are uncorrelated. For the calculation of the CRE, the 10-min intervals are used to calculate first hourly and then daily mean CRE values if always 80% of the data are available. In these cases, the uncertainty in the retrieved CRE is further reduced to the values shown in Table 2 . Depending on how many days are included in the calculation of the monthly CRE, the uncertainty ranges between 0.4 and 0.5 (LW) and 1.2 and 1.7 W m 22 (SW and net). Note that these uncertainties do not include the uncertainties associated with the subsample (Fig. 2) . The overall uncertainty in the CRE estimate is thus likely larger because of sampling error.
Cloud radiative effect
Various factors influence the CRE, for example, the cloud properties themselves, solar surface albedo, and solar zenith angle. We thus first have a look on the monthly statistics of SZA, solar surface albedo, and frequency of occurrence (FOC) of hydrometeors, along with LWP and IWP for Ny-Ålesund (Fig. 5 ). (Figs. 5b-e ). Note that for calculating the FOC of hydrometeors we check whether hydrometeors occur anywhere in the atmospheric column. When SZAs are large, the SW incoming solar radiation at the TOA is small. Between October and February, the incoming solar radiation is close to zero at Ny-Ålesund.
From the end of October to the end of February, the sun is below the horizon. Maximum insolation is reached in June with a minimum in SZA of about 558. As mentioned before, the solar surface albedo, that is, here simply the ratio of upward and downward surface SW flux, shows two states. Large values of typically more than 0.8 are found in late winter and spring, and low values of less than 0.15 in summer (June-August). The transition periods between snow-covered surface and bare tundra in May/June and September/October reveal a high variability in daily mean values of surface albedo and also a high variability from year to year (Maturilli et al. 2015) . In September 2016 and 2017, the surface was still snow free, whereas in September 2018 snow already covered the ground. Relative to 2017, the transition from high to low surface albedo values started one month earlier in May, resulting in a completely snow-free surface already in June.
From the FOC of hydrometeors ( Fig. 5c ) we find that clouds frequently occur over Ny-Ålesund with a monthly 5. (a) Range of daily minimum and maximum values of solar zenith angle (gray box) with mean monthly value indicated by an ''x.'' Also shown are boxplots of daily mean values of (b) solar surface albedo, (c) frequency of occurrence of any hydrometeors (black) and liquid droplets (grey) in atmospheric column, (d) nonzero liquid water path, and (e) nonzero ice water path. The box indicates the 25th and 75th percentiles, the whiskers show the minimum and maximum, the horizontal line inside the box is the median, and the x indicates the mean. median FOC of generally greater than 70%. This has already been shown for the first year of radar observations by Nomokonova et al. (2019) . Clear-sky days are rare at Ny-Ålesund. In March 2018, on several consecutive days no clouds were observed resulting in an exceptionally low monthly median FOC of clouds of only 24%. When looking at the FOC of liquid in the atmospheric column, a seasonal cycle becomes visible with lowest monthly median values of 20% between late autumn and early spring and largest values of up to 80% in summer.
Similar to the FOC of liquid, the daily mean values of LWP for days with LWP . 0 g m 22 show generally a seasonal cycle. In summer, daily mean LWP values range from about 10 to more than 100 g m 22 ; in winter and early spring, monthly median values of LWP are typically below 10 g m 22 . Exceptions are January and February 2018 with higher median values of 12 and 20 g m 22 , respectively, and higher mean values of 30 and 50 g m 22 , respectively. The seasonal cycle of IWP is less pronounced. Maximum values predominantly occur from autumn to spring although in 2017 and 2018 a large month-to-month variability can be observed.
a. Surface CRE
The time series of the resulting monthly mean values of the CRE for the surface, the atmosphere and the top of the atmosphere are depicted in Fig. 6 . At the surface (Fig. 6c) summer months. Relative to the LW CRE, the daily variability is much larger, which is also due to the large variability in SZA. The SW CRE not only depends on the cloud properties and the incoming solar radiation but also on the surface albedo. For example, in May 2018, the SFC SW CRE is about 7 times as large (270 W m 22 ) when compared with May 2017 (210 W m 22 ). This is due not only to the higher occurrence of clouds and the higher occurrence of liquid but also to the much lower surface albedo in that month. Also, in April, when already a significant amount of solar radiation is available, the SW CRE is still limited because of the high surface albedo values. The net SFC CRE, that is, the sum of the LW and SW CRE, is thus positive from September to April/May and negative in June, July, and August. The early decrease of surface albedo in May 2018 led to a slight net cooling in that month. Averaging the LW, SW, and net SFC CRE over the whole year of 2017 results in annual average values of 41.6, 230.5, and 11.1 W m 22 , respectively. Thus, overall, clouds still lead to a warming at the surface at Ny-Ålesund. Multiyear observations are required to assess the year-to-year variability of the annual cloud radiative effect in the future.
Relative to other sites in the Arctic, the LW SFC CRE is slightly larger at Ny-Ålesund. Dong et al. (2010) , for example, analyzed the SFC CRE at Barrow (718N) and found an annual average value for the SFC LW CRE of about 31 W m 22 . They also set their results into context to SHEBA (Intrieri et al. 2002b,a) and other regions in the Arctic (Wang and Key 2005) . They found that the LW SFC CRE does not significantly change over the Arctic, with values ranging between 30 and 40 W m 22 . With an annual average value of 41.6 W m 22 , also Ny-Ålesund fits into this estimate. Cox et al. (2012) approximated the LW SFC CRE by the difference of the all-sky and clear-sky LW downward fluxes and analyzed 3 years of data from Eureka and Barrow. For Eureka, results were very different, with an LW surface cloud forcing of only 27 W m 22 . The weaker LW CRE is partly related to differences in cloud fraction and cloud altitude (Cox et al. 2012) . Differences in the LW CRE may be also due to temperature and water vapor differences between the sites since these variables also affect the LW CRE . Regarding the SW SFC CRE, results differ for the different stations and regions due to different surface albedo and SZA conditions. Relative to Barrow, the annual average SW SFC CRE is similar (226.2 W m 22 ) to the one observed at Ny-Ålesund. However, because of the larger LW SFC CRE, the net SFC CRE is larger at Ny-Ålesund than at Barrow (4.5 W m 22 ). In general, with increasing latitude, LW cloud warming becomes more important (Dong et al. 2010; Kay and L'Ecuyer 2013) . Whether LW warming outweighs SW cooling also depends on the surface albedo. At Summit, located at 72.68N and thus farther south than Ny-Ålesund, the annual average net SFC CRE is 33 W m 22 (Miller et al. 2015) and thus is almost 3 times that at Ny-Ålesund. This is due to high surface albedo at Summit throughout the entire year limiting the SW cooling effect of clouds at the surface, even at low SZAs.
b. Atmospheric CRE and CRE at the top of the atmosphere Other studies (e.g., Miller et al. 2015; Dong et al. 2010 ) based their analysis purely on surface radiation observations and clear-sky simulations, but the analysis of the CRE was limited to the surface. By making use of a radiative transfer model, we can easily assess the CRE at the TOA and for the atmosphere (Figs. 6a,b ).
Since clouds lead to a reduction of emitted LW radiation to space, the LW TOA CRE is positive and in the range of 7-22 W m 22 . This LW warming at the TOA is smaller than the LW SFC warming since clouds and, in particular, the liquid parts of the cloud are located in lower atmospheric layers where the difference between the temperature of the emitting clouds and of the surface is less pronounced. Because of enhanced reflected solar radiation by clouds, the SW TOA CRE is negative during polar day and is of the same order of magnitude as the SW SFC cooling. Since the LW TOA CRE does not exceed 22 W m 22 , the net TOA CRE is negative in summer and September. For 2017, the annually averaged net TOA CRE is 216.1 W m 22 .
The ATM CRE describes the how the radiation balance of the atmosphere is modified by clouds. For the radiation balance of the atmosphere, fluxes into the atmospheric layer have a positive contribution (downward fluxes at TOA, upward fluxes at the SFC), fluxes out of the layer have a negative contribution (upward fluxes at TOA, downward fluxes at SFC). The ATM CRE is thus the difference between the radiation balance of the atmosphere in cloudy conditions minus the radiation balance in clear-sky conditions. For the atmosphere, we find a small SW cloud-induced warming with a maximum of 8 W m 22 in June. This is mainly driven by a reduced downward SW surface flux (a sink term in the radiation balance of the atmosphere) under cloudy conditions. This warming effect by clouds is partly compensated by an increased upward SW flux at the TOA (sink term) and a reduced upward SW flux at the surface (source term) relative to clear-sky conditions. The LW ATM CRE is negative in all months with monthly mean values between 210 and 240 W m 22 . This LW ATM cooling basically mirrors the LW SFC warming but with smaller absolute values. The longwave cooling effect of clouds on the atmosphere is due to the enhanced downward LW surface flux under cloudy conditions, which can only partly be compensated by the decreased upward LW flux at the TOA. Since the SW ATM CRE is relatively small, the net ATM CRE is dominated by the LW ATM CRE resulting in an annual average value of 227.2 W m 22 .
Sensitivity of surface CRE
Variations in the atmospheric state, cloud properties, surface albedo, and SZA all contribute to the variability in the CRE as indicated, for example, by the variability of the daily mean values in Fig. 6 . To better understand the impact of the different variables on the CRE at Ny-Ålesund, we take a closer look at the SFC CRE and its dependency on LWP, IWP, and SZA.
a. Liquid water path
The monthly mean time series of LW CRE and LWP already revealed that LWP plays a substantial role in LW SFC warming. Figure 7 shows the LW SFC CRE as a function of the LWP based on hourly mean values. The variability of the LW SFC CRE in each LWP class is due to variations of LWP within the class, variations in ice clouds that might occur at the same time, variations in atmospheric temperature and different cloud cover values within the 1-h interval. In particular, this variability in LW SFC CRE is large (IQR of ;60 W m 22 ) for LWP values smaller than 5 g m 22 , which occur mainly as a result of variations in IWP. With increasing LWP and thus increasing cloud LW emissivity, the LW SFC CRE exponentially increases and asymptotically reaches a value of about 75 W m 22 when cloud emissivity becomes 1. The small decrease of the LW SFC CRE at very high LWP values is most likely related to the IWV for these cases. Cox et al. (2015) demonstrated that the LW CRE also depends on relative humidity. Based on radiative transfer simulations and observations from Barrow and Eureka, they showed that at constant temperature, the LW CRE decreases with increasing IWV. For cases with LWP . 300 g m 22 , we found a strong increase in IWV (not shown) explaining the reduced LW SFC CRE. Figure 7 clearly shows that LWP is a dominant driver of the LW SFC CRE. Similar results have also been found by Miller et al. (2015) for Summit with an asymptote mean value of 85 W m 22 . Since this value depends on the site-specific cloud characteristics like base height and temperature (Shupe and Intrieri 2004) as well as on the amount of IWV , it can be different for different sites, for example, 65 W m 22 in the Beaufort Sea (Shupe and Intrieri 2004) and between 70 and 80 W m 22 during the Arctic Summer Cloud Ocean Study near 87.58N (Sedlar et al. 2011) . Only for Barrow an unusual linear increase without saturation effect has been observed by Dong et al. (2010) .
The SW SFC CRE is a function of LWP and SZA, and also depends on the surface albedo. For high values of surface albedo, that is, over sea ice and snow-covered ground, this dependency has also been analyzed by Shupe and Intrieri (2004) and Miller et al. (2015) , respectively. Since at Ny-Ålesund, two preferred albedo states occur (Fig. 5b) , we performed the analysis for diffuse surface albedo values . 0.8 and for values , 0.3 (Fig. 8) . In general, the magnitude of SW SFC CRE increases with decreasing SZA. At high SZA (SZA . 758), the SW SFC CRE is independent of the LWP; for lower SZAs (SZA , 758), the SW cloud cooling increases with increasing LWP. The functional dependency of the SW SF CRE on LWP and SZA is similar to the one found by Miller et al. (2015) for the Summit station, but the absolute values are very different. In the case of high diffuse surface albedo (Fig. 8a) , the SW SFC CRE decreases to 2140 W m 22 . Miller et al. (2015) found a maximum cooling of only 265 W m 22 . The larger SW SFC cooling effect that we found might be related to differences in surface albedo. Miller et al. (2015) estimated the surface albedo from the SW upward and downward fluxes under clear-sky conditions, that is, a ''blue-sky albedo,'' and used this albedo in the radiative transfer calculations. Even for low SZA, their clear-sky albedo estimate is still larger than 0.8. For Ny-Ålesund, we separated the blue-sky albedo into the diffuse and direct component and included these values in the RRTMG calculations. In case of a high diffuse surface albedo (e.g., 0.8-0.9) and low SZA, the direct albedo is lower than the diffuse one ( Fig. 1 ). Since less SW radiation is reflected in clear sky, the SW SFC CRE is enhanced. However, it remains unclear whether the differences between Ny-Ålesund and Summit are due to the different methods for surface albedo or due to environmental factors, for example, different snow characteristics or more ice clouds present over Ny-Ålesund. For low diffuse surface albedos (Fig. 8b) , the dependency of SW SFC CRE on LWP and SZA is similar except that the magnitude of SW SFC CRE is higher by up to a factor of 3 for low SZAs. For SZA , 608 and LWP . 200 g m 22 , mean values of SW SFC CRE are below 2400 W m 22 .
The resulting net SFC CRE as a function of LWP and SZA is depicted in Fig. 9 . For diffuse surface albedo values . 0.8 (Fig. 9a ), liquid-containing clouds typically have a net warming effect in case of SZA . 658. The largest net cloud warming of up to 79 W m 22 can be found at the highest SZA. For lower SZAs, the SW cooling cannot be compensated by the LW warming resulting in a net cooling effect with values lower than 240 W m 22 . For the reasons discussed in the previous section, our results for the net SFC CRE differ from the results by Miller et al. (2015) who found a positive net SFC CRE under all SZAs. Also, for low diffuse surface albedo conditions, the net surface CRE can be either positive or negative depending on the LWP and the SZA. (Fig. 9b) . At SZA . 858, where SW surface cooling by clouds is only 220 W m 22 , a positive net surface CRE of 55-65 W m 22 can be found. Also for SZA between 808 and 858 and LWP , 250 g m 22 , the net SFC CRE is still positive. For smaller SZAs, SW cloud cooling becomes dominant and increases with decreasing SZA and with increasing LWP. Mean net CRE values below 2300 W m 22 can thus occur for cases with SZA , 608 and LWP . For the SW, we again distinguish between high and low diffuse surface albedo values. In case that the diffuse surface albedo is larger than 0.8, SW SFC cooling is from 210 to 220 W m 22 for IWP values larger than 25 g m 22 . Variations in SW SFR CRE within an IWP class are due to the various SZAs under which these clouds occur. As for liquid-containing clouds, the SW SFC CRE for ice clouds is small for high SZAs and does not show a pronounced sensitivity toward IWP (not shown). With decreasing SZA, the sensitivity to IWP increases. For diffuse surface albedo values lower than 0.3, the SW SFC cooling effect by clouds is much stronger, that is, up to 2360 W m 22 . For SZA , 608 and IWP . 200 g m 22 , the SFC SW cloud cooling is more than 2300 W m 22 (not shown).
The net SFC CRE of ice clouds (Fig. 10b) is mostly positive in the case of high diffuse surface albedo. It asymptotes to about 60-70 W m 22 for IWP . 100 g m 22 . Negative values of net SFC CRE occur under very low SZAs. If diffuse surface albedo is low, a net surface warming by ice clouds can be observed typically for SZA . 808 and can reach values of up to 79 W m 22 (not shown). In principle, the behavior of SW SFC CRE with respect to SZA and IWP is similar to the one shown in Fig. 9b for liquid-containing clouds. However, for the same amounts of IWP, the net cooling is much less pronounced. For cases with SZA , 608 and IWP . 150 g m 22 , mean net CRE values do not fall below 2290 W m 22 .
Relative contribution of liquid and ice clouds to surface CRE
From the previous analyses we can see that liquid and ice in the atmospheric column substantially impact the surface CRE. If a certain amount of liquid, for example, LWP . 5 g m 22 , is present, it dominates the signal in the SFC CRE. So what is the relative contribution of liquid-and ice-containing clouds to the surface CRE at Ny-Ålesund? Do ice clouds play a significant role at all?
To answer this question we look separately at cases with LWP . 5 g m 22 and at cases with IWP . 0 g m 22 and LWP , 5 g m 22 to roughly separate the signals of mainly liquid-containing and mainly ice-containing clouds. Since ice or liquid may respectively be included in the former or latter case and thus may also contribute to the CRE, a clear separation is not possible. However, from the results of the sensitivity studies, this choice of thresholds seems to be reasonable. Figure 11 shows the monthly mean frequency of occurrence of these two cloud situations. The FOC of cases with LWP . 5 g m 22 shows values of up to 80% in summer and down to 10% in winter and follows the monthly time series of the FOC of liquid in the atmospheric column ( Fig. 5 ). As expected, the monthly mean FOC of cases with IWP . 0 g m 22 and LWP , 5 g m 22 peaks in winter with a maximum of about 80% in March 2017 and has a minimum in the summer months with values of less than 10%.
The variability of the monthly FOC of the liquid-(LWP . 5 g m 22 ) and ice-containing (IWP . 0 g m 22 and LWP , 5 g m 22 ) clouds is well represented in the contribution of these cloud types to the SFC CRE (Fig. 12) . In the LW, in most months, liquid-containing clouds dominate the LW CRE with a relative contribution of 80%-95%. Even in winter months, the contribution of liquid to the LW SFC CRE is still high and equals that of ice clouds. Exceptions are January 2017, March 2017 and March 2018. In these months, ice clouds contribute by 60%-75% to the LW SFC CRE. The SW SFC CRE is most pronounced in summer when SZA and albedo are low. In these months, liquidcontaining clouds clearly dominate the signal and account for 70%-98% of the SW SFC CRE. Thus, during polar day, also the net SFC CRE is basically determined by the radiative effect of liquid-containing clouds. Only during polar night, ice-and liquid-driven radiative effects are equally important with only 2 months, January 2017 and March 2018, in which ice clouds contribute the most to the net SFC CRE.
Summary and outlook
For the first time, the cloud radiative effect has been characterized for the Arctic site Ny-Ålesund. The cloud radiative effect, that is, the difference between the all-sky and equivalent clear-sky net fluxes, has been derived on the basis of a combination of ground-based remote sensing observations of cloud properties and the application of broadband radiative transfer simulations. More than 2 years of data, that is, from June 2016 to September 2018, have been included in this study.
Uncertainties in the radiative transfer simulations are primarily associated with 3D effects that are not taken into account by the 1D radiative transfer calculations, with a misclassification of the scene, with uncertainties in the thermodynamic and aerosol profiles, and with uncertainties in the assumed direct and diffuse albedo as well as with uncertainties in the cloud properties themselves. In particular, for multilayer and mixed-phase clouds, largest uncertainties arise from the uncertainties in the vertical distribution of liquid water. A comparison to observed downward surface radiative fluxes revealed very good agreement in clear-sky situations with LW SW biases of 25 and 13 W m 22 , respectively. The larger SW bias is most likely related to clouds that were not in the field of view of the cloud radar and ceilometer. Under cloudy conditions, the LW downward surface flux is well reproduced. Here, the mean difference between simulated and observed LW downward fluxes is only 1.6 W m 22 . Uncertainties in the SW downward flux are larger but of the same order of magnitude as in the study by . On the basis of the uncertainties of the simulated net surface flux, uncertainties in the average monthly surface CRE are estimated to be smaller than 2 W m 22 . The actual uncertainties are likely larger because of gaps in the time series of the cloud microphysical properties that occur mainly as a result of missing MWR information. To reduce uncertainties in the retrieved cloud properties, in the future, LWP retrieval could be improved by taking into account observations at higher frequencies, that is, 89 GHz, and/or including spectrally resolved infrared measurements that will be available in future. Still, mixed-phase clouds pose a problem, and cloud microphysical retrievals are limited in these cases (Shupe et al. 2008) . A detailed analysis of the cloud radar Doppler spectra could provide some additional information here, but no robust methods can be easily applied. At Ny-Ålesund, the monthly net surface CRE is positive from September to April/May and negative in the summer months. A similar behavior has been reported for Barrow (Dong et al. 2010) . In summer, when surface albedo is low and clouds are efficient in reducing the net SW radiation at the surface, SW surface cooling is larger than the LW warming by clouds. During the rest of the year, LW warming by clouds dominates with an LW SFC CRE of about 50 W m 22 . The LW SFC CRE at Ny-Ålesund is thus of similar order of magnitude as the one at Barrow (Dong et al. 2010; Cox et al. 2012) and Summit (Miller et al. 2015) but differs from the one at Eureka (27 W m 22 ; Cox et al. 2012) . The monthly LW SFC CRE follows the seasonal cycle of cloud fraction and of LWP, resulting, for example, in a much smaller LW CRE in November and December 2017 and March 2018 because of a smaller frequency of occurrence of clouds and a lower LWP. When averaging over the year 2017, we find that overall clouds have a warming effect on the surface of about 11.1 W m 22 at Ny-Ålesund. The net SFC CRE at Ny-Ålesund is thus slightly larger than the net surface CRE at Barrow (4.5 W m 22 ; Dong et al. 2010) and is much lower than the one at Summit (33 W m 22 ; Miller et al. 2015) because of the lower surface albedo at Ny-Ålesund in the summer months. At the TOA, clouds provide a net cooling of about 216.1 W m 22 . The annual average net ATM CRE is 227.2 W m 22 . When several complete years of cloud radar observations are available, the year-to-year variability, which has already been indicated by these 28 months of cloud observations, will be analyzed in more detail.
Sensitivity studies showed that the LW SFC CRE can be explained to a large extent by the LWP and saturates at about 75 W m 22 . Similar results have also been found by Miller et al. (2015) , but for a saturation value of 85 W m 22 at Summit. The different values are presumably related to the different temperature and humidity conditions at the two sites . For liquidcontaining clouds, the SFC SW CRE mainly depends on LWP, SZA and surface albedo. At Ny-Ålesund, mainly two albedo states exist representing snow-free and snowcovered surface conditions. In the case of low diffuse surface albedo, SW cooling by liquid-containing clouds is stronger in comparison with cases with high diffuse surface albedo: for low SZAs, the SW cooling higher by up to a factor of 3. For high diffuse albedo values, the net SFC CRE of liquid-containing clouds is positive for SZA . 658; for low diffuse albedo values, positive net SFC CRE values only occur for SZA . 808.
Also, ice clouds can have a significant impact on the SFC CRE if LWP is low. When discriminating between ''liquid'' clouds with LWP . 5 g m 22 and ''ice'' clouds with IWP . 0 g m 22 and LWP , 5 g m 22 , we find that ice clouds can contribute up to 75% in the net SFC CRE during polar night. Typically, the contributions of liquid and ice clouds to the monthly net SFC CRE are equal in winter, whereas in summer liquid clouds clearly dominate the signal and account for 70%-98% of the net SFC CRE. Maturilli et al. (2015) showed that Ny-Ålesund experiences a significant positive trend in near-surface air temperature, in particular, in winter. Since we will have warmer winters in the future, the occurrence and amount of liquid might also increase, which will lead to an enhanced surface warming effect by clouds during polar night.
This paper focused on the impact of clouds on the surface radiation fluxes; the next step will be to investigate the vertical redistribution of energy by clouds and how clouds affect the atmospheric heating rates at Ny-Ålesund. Future work will also address similarities and differences to cloud vertical structure and corresponding cloud radiative effects obtained during the 2-month PASCAL cruise in the central Arctic under different sea ice and meteorological conditions. This could also shed light on the principal differences between orographically influenced and free-Arctic meteorological conditions. Furthermore, there are plans to continue the cloud radar measurements at AWIPEV from summer 2019 onward and to expand the time series of vertically resolved cloud observations.
